Background-While enumeration of circulating tumor cells (CTCs) has shown some clinical value, the pool of CTCs contains a mixture of cells which contains additional information that can be extracted. Our group sub-classified CTCs by shape features focusing on nuclear size and related this to clinical information.
Introduction
Prostate cancer (PC) remains an important public health problem as almost 30,000 are expected to die of this disease in 2014. 1 Within the group of men at risk for death from this disease, there is range of clinical behaviors including progression to visceral metastases, which spread to non-osseous, non-nodal sites including the liver and/or lungs. [2] [3] [4] It is recognized that men with visceral metastases have significantly shorter survival in comparison to those who do not progress in this fashion 5 . These progression events often lead to organ failure followed shortly by death. In typical practice, patients are monitored by serum PSA concentration without frequent radiographic assessment. It is recognized, however, that serum PSA changes do not detect [6] [7] [8] certain disease alterations such as emergence of non-PSA producing neuroendocrine PC (NEPC) or small cell PC. Moreover, PSA monitoring provides little insight into other clinical alterations which have prognostic importance such as the development of visceral metastases. By the time these lesions are detected radiographically or clinically (by altered organ function), the metastatic lesions have been present for some time. Additional highly-sensitive, minimally-invasive, seriallyobtainable means of monitoring disease status are still needed, especially for the visceral progression events.
Circulating tumor cells (CTCs) have arisen as contemporary prognostic and predictive biomarkers for PC. 9 Their value has been demonstrated mainly in enumeration. [10] [11] [12] [13] [14] [15] [16] [17] The conventional, FDA-approved CTC assay has not been useful in measuring certain changes in clinical behavior such as the detection of emerging or occult visceral spread. 13 CTCs are a heterogeneous population. 18, 19 We and others have proposed that subclassification of these cells could augment their clinical utility. [20] [21] [22] To this end, morphologic classification has always been a fundamental practice in pathology. While Gleason grading has been highly informative, nuclear size and shape in tumor sections have also been shown to correlate with distant metastasis and death in PC. [23] [24] [25] These morphologic alterations have been associated with changes in signaling pathways that drive various pro-tumorigenic and pro-metastatic processes through a structure-function relationship. 26 Since biological alterations, which affect the natural history of disease, cause structural alteration in cells (including the pool of CTCs), we hypothesized that variations in the CTC morphology and nuclear size can be used to detect the changes in disease phenotype such as the detection and possibly prediction of visceral metastases.
In this study (Figure 1 ), we acquired blood specimens from PC patients across a broad spectrum of metastatic states: no metastasis, non-visceral (osseous and/or nodal) metastasis, and visceral (hepatic and/or pulmonary) metastasis. We isolated and enumerated CTCs using NanoVelcro Chips 27, 28 , an emerging CTC isolation system that utilizes a combination of a microfluidic chaotic mixer and a nanostructured capture substrate that functions with high sensitivity. By incorporating higher-resolution fluorescence microscopy into the NanoVelcro system, we were able to visualize cellular features of the captured CTCs (DAPI +/CK+/CD45-) and perform pathologic review for cellular morphology and nuclear size. This led to the identification of nuclear size-defined CTC subsets. Our study showed that these subsets correspond to metastatic state.
Patients and Methods

Patients and samples
Blood specimens for this study were extracted from existing biobanking protocols approved by the Cedars-Sinai Medical Center (CSMC) Institutional Review Board (IRB). The entire pool of patients consisted of men with histologically confirmed PC agreeing to provide blood as part of CSMC biobanking protocols who underwent evaluation and/or treatment at CSMC between January 2013 and December 2014. Use of all biospecimens from the banking studies was also conducted under IRB oversight. As such, this study was conducted as an observational study to determine the range and distributions of CTC nuclear sizes in a single institution cohort of men with PC. Radiographic evaluation within 3 months of sample collection was required for inclusion in this analysis. Multiple blood draws from individual patients were allowed. Patients and their enumeration studies were classified by sites of metastasis into one of three categories: no metastases, non-visceral metastases, or visceral metastases, according to the contemporary radiographic evidence. Samples and patients categorized as "non-visceral metastases" indicated that the subject had osseous lesions and/or lymph node spread on most recent radiographic studies. Samples and patients categorized as "visceral metastases" indicated that the subject had radiographically detected lesions in soft tissue organs such as the liver or lungs with or without bone or lymph node involvement on recent imaging. We conducted a statistical analysis and modeling of CTC nuclear size distribution to sub-classify CTCs. Correlations were made between CTC subpopulations and metastatic status (see Statistical analysis below).
CTC enrichment using NanoVelcro Chips
The general protocol for CTC enrichment by NanoVelcro Chips is summarized in a workflow (Supporting Figure 1) . Venous blood was collected in acid-citrate dextrosecontaining vacutainers (BD Bioscience, San Jose, CA, USA) and processed within 4 hours of collection. CTCs were isolated using NanoVelcro Chips as previously described. 27, 28 In brief, 1.0 mL of venous blood was subjected to red blood cell (RBC) depletion using a standard RBC lysis buffer (containing NH 4 Cl and Tris, pH 7.2). The remaining cells were incubated with a capture agent (biotinylated goat anti-human EpCAM antibody, R&D Systems). After washing carefully, the sample was loaded into the NanoVelcro Chip, which consists of a streptavidin-coated NanoVelcro substrate and an overlaid polydimethylsiloxane (PDMS) chaotic mixer. In conjunction with the use of an automated fluid handler, the cell suspension was introduced into the chip at a consistent flow rate (0.5 mL/h). After fixation using 2% paraformaldehyde (PFA, Electron Microscopy Science), the cells immobilized on the NanoVelcro substrate were subjected to immunocytochemical (ICC) CTC Imaging followed by nuclear size measurements NanoVelcro Chips were imaged using an upright fluorescence microscope (Eclipse 90i, Nikon) with NIS-Element imaging software (Nikon). An automatic scan over the NanoVelcro chip was carried out by the imaging system under 40× magnification with DAPI, FITC and TRITC channels corresponding to nuclear, CK, and CD45 staining respectively. The DAPI+/CK+/CD45-events ( Figure 1 ) were selected as candidate CTCs and were further subjected to another scan at either 100× or 400× magnification. All highresolution images were reviewed by a pathologist to ensure that CTC calls were morphologically consistent with an epithelial cell and not a hematologic cell.
Nuclear size of all identified CTCs was measured along the longest axis and the width perpendicular to that axis ( Figure 1) . 29, 30 The nuclear size for statistical analyses is defined as follows:
To ensure the consistency and accuracy of nuclear size measurements on NanoVelcro Chips, we performed a series of calibration studies using PC cell lines and blood samples from PC patients. (See Supporting Figure 2 for the calibration data).
Statistical analyses
To identify the subpopulations of CTCs, we performed a cluster analysis for the CTC nuclear sizes using the Gaussian Mixture Model (GMM) formed by K Gaussian components with varied variances. The means and variances of K Gaussian components were estimated by the Expectation-Maximization (EM) algorithm 31 and the optimal number K was decided by the Akaike information criterion (AIC) 32 and Bayesian information criterion (BIC) 33 . Based on its nuclear size, each CTC was assigned to a cluster with the maximum likelihood of all K Gaussian components. χ 2 test was performed to test the independency of our unsupervised clustering of CTCs on metastatic categories.
Since metastatic status was subject to change over the disease course, the correlational analyses in this study were based on enumeration studies instead of the patients, and multiple enumeration studies from serial time points are allowed. Wilcoxon rank-sum tests were used to evaluate the statistical differences of the CTC counts of the enumeration studies between different metastatic categories: 1) metastasis versus no metastasis and 2) non-visceral metastasis versus visceral metastasis. Considering the potentially independent nature of multiple blood samples and enumeration studies from the same patients, we further adopted a Poisson generalized linear mixed model (GLMM) to test the correlation between metastatic status and CTC counts adjusted for the potential effect resulting from repeated measurements.
The statistical tests in this study were performed using the R statistical software version 3.1.1 (http://www.r-project.org/). The GLMM analysis was performed using package glmmML version 1.0. 34 All the tests are two-sided and p values less than 0.05 were considered statistically significant.
Results
Patient characteristics and sample collections for CTC enumeration studies
Blood samples from a total of 57 PC patients comprised the full complement of subjects utilized in this analysis. Detailed clinical characteristics of the patients are summarized in Table 1 . The classification of the patient and their enumeration studies based on their sites of metastasis is also listed. Each patient had between 1 and 11 enumeration studies performed yielding a total of 148 enumeration studies (enumeration studies from each patient are listed in Supporting Table 1 ).
Statistical analysis and modeling of CTC nuclear size distribution and CTC subpopulations
The CTC data pool was generated by performing 148 enumeration studies (as serial collections were used) that provided a total of 304 CTCs for analyzing the nuclear size distribution. Based on the AIC and BIC, the optimal model was determined to be a 3-cluster GMM with cluster means at 6.82, 10.63, 21.63 μm, and standard deviations of 1.14, 2.51, 5.67 μm (Figure 2A ). The AIC and BIC values of different cluster numbers are also shown ( Figure 2B ). We then assigned CTCs into the cluster with the maximum Gaussian likelihood, and yielded three CTC subpopulations that we labeled as very-small-nuclear CTCs (vsnCTCs, nuclear size < 8.54 μm), small-nuclear CTCs (snCTCs, nuclear size between 8.54 μm and 14.99 μm) and large-nuclear CTCs (lnCTCs, nuclear size > 14.99 μm).
Relationship between CTC nuclear sizes and metastatic status
To further analyze the relationship between the three CTC subpopulations and metastatic status, histograms were plotted using density of CTC counts versus nuclear sizes for each metastatic status category (Figure 3) . The proportions of the three CTC nuclear subtypes (examples in Figure 3A and Supporting Figure 3) varied significantly between the different metastatic categories. In the cohort of non-metastatic patients ( Figure 3B ), the majority of cells were classified as lnCTCs (62%). In the category of non-visceral metastasis ( Figure  3C ), the snCTCs constituted the major CTC subpopulation (51%), followed by vsnCTCs (27%). In the category of visceral metastasis (Figure 3D ), the vsnCTCs constituted the major CTC subpopulation (65%), followed by snCTCs (20%). This result shows that our unsupervised clustering of CTCs has significant dependency on metastatic categories (two sided χ 2 test, p = 2.29×10 −13 , Supporting Table 2 ).
snCTC + vsnCTC counts correlate with metastasis
We then performed a statistical analysis on the 148 enumeration studies to measure the correlation between CTC subpopulations and metastatic state. The pool consisted of 31 enumeration studies in the no metastasis category, and 117 in the metastatic PC category (combination of non-visceral metastasis and visceral metastasis categories). When examining the total CTC count (lnCTC + snCTC + vsnCTC), there was a statistically significant difference between metastatic and non-metastatic disease (0.94 ± 1.91 versus 2.42 ± 3.60 cells per mL of blood, p = 0.002, Figure 4A ). In an additional interrogation, the lnCTC subpopulation alone failed to distinguish metastatic and non-metastatic disease (0.58 ± 1.88 versus 0.40 ± 1.28 cells per mL of blood, p = 0.893, Figure 4B ). snCTC + vsnCTC counts, in contrast, remained significantly different (0.35 ± 0.66 versus 2.02 ± 3.36 cells per mL of blood, p < 0.0001, Figure 4C ). To assess the potential effect resulting from repeated measurements from the same patients, analysis using GLMM was conducted to test the correlation between metastatic status and CTC counts. The p values obtained using GLMM were consistent with those from the Wilcoxon tests (indicated in figures). These data were consistent with the preferential distribution of snCTCs and vsnCTCs in Figure 3C and 3D, and demonstrated the benefit of categorization of CTCs by nuclear size (< 14.99 μm). Overall, the snCTC + vsnCTC counts obtained by using these CTC definitions provided more information on metastatic status in PC than total CTC count.
vsnCTC counts correlate with the presence of visceral metastasis
We further investigated the correlation between CTC subsets and visceral metastasis. These analyses were performed using 105 enumeration studies from patients who had radiographically detectable osseous and/or nodal lesions, with or without visceral organ involvement. Among these enumeration studies, 44 were in the non-visceral metastases category and 61 were in the visceral metastases category (Supporting Figure 4) . We found that snCTC + vsnCTC counts differed significantly between non-visceral metastasis and visceral metastasis categories (1.05 ± 1.26 versus 2.69 ± 4.27 cells per mL of blood, p = 0.030, Figure 5A ). Recognizing the preferential distribution of snCTCs and vsnCTCs in Figure 3C and 3D, we pursued further statistical analyses of individual CTC subpopulations. Alone, snCTC counts were unable to distinguish metastatic subpopulations (0.68 ± 1.12 versus 0.74 ± 1.38 cells per mL of blood, p = 0.721, Figure 5B ). In contrast, vsnCTC counts successfully distinguished visceral metastatic from non-visceral-metastatic PC patients (0.36 ± 0.69 versus 1.95 ± 3.77 cells per mL of blood, p = 0.002, Figure 5C ). The p values obtained using GLMM and were consistent with those from the Wilcoxon tests (indicated in figures). These data combined with the distribution of vsnCTCs in Figure 3D indicated that vsnCTCs rather than snCTCs are correlated with the presence of aggressive PC with visceral involvement.
Summary of clinical cases with visceral metastases
In this study, a total of 15 patients had visceral metastases, including 10 patients with hepatic lesions and 7 with pulmonary nodules. Only 2 patients presented with visceral-only disease, while the other had co-existing osseous involvement. The timeline for each patient is shown in Figure 6 starting from the time of first CTC enumeration in this study to the end of follow-up. We successfully detected vsnCTCs using NanoVelcro Chips in all 12 patients who presented with visceral metastases. The other 3 patients had osseous/nodal metastases initially, but later developed metastatic lesions in visceral organ. vsnCTCs were found in these patients prior to radiographic detection of visceral lesions with the lead time ranging from 104 to 196 days (typical example see patient A in Supporting Figure 5A ). These patients received a variety of therapeutic interventions for their visceral disease, including platinum-based and taxane-based chemotherapies, radium-223, bicalutamide, abiraterone, enzalutamide, and an investigational multi-kinase inhibitor. There were no patients in our series that developed or presented with visceral metastases that did not have detectable vsnCTCs. At the time when this study concluded, 47% (7/15) of the patients died from their disease.
Discussion
CTC biology has been area of rapid development in several tumor models including PC. Their value has been clearly demonstrated in enumeration. [10] [11] [12] [13] [14] [15] [16] [17] Newer technologies have further refined our ability to analyze the pool of CTCs creating an opportunity to extract more useful clinical information from this easily obtained source of cancer cells. Our group has pioneered the use of the NanoVelcro Chip which utilizes a precisely engineered nanosubstrate and microfluidics that allows us to take advantage of cell surface marker expression (such as EpCAM) to capture CTCs from whole blood. As demonstrated in this study and in previous publications 26, 27 , NanoVelcro Chips exhibited higher sensitivity in detecting live CTCs from peripheral blood (also see Supporting Fig 7) than currently used approach in the clinic. Moreover, by incorporating fluorescence microscopy with NanoVelcro Chips, we generated cell images amenable to formal histopathologic review.
Histopathology remains the gold standard for cancer diagnosis and classification. Morphological features have been linked to clinical behavior in a variety of diseases including prostate cancer (e.g. Gleason Scoring). However, this type of histopathologic review has not been typically applied to CTC isolation strategies. Here, we applied this underappreciated and fundamental concept to a highly sensitive and specific CTC enumeration approach based on the NanoVelcro Chip technology. This refined process identified a potential source of false-positive events from leukocytes and other non-epithelial cells. This same approach also enabled us to perform nuclear size measurements on individual CTCs. Among the commonly used morphologic features, we found nuclear sizes to be the most robust feature for the NanoVelcro substrate-immobilized CTCs due to: 1) the high reproducibility of DAPI staining and 2) the minimal attenuation of DAPI fluorescence during the imaging process. Moreover, we acknowledge that in our experience and the reports of other groups, the cellular membrane of CTCs is extremely fragile and susceptible to generation of artifacts and disruption by mechanical forces. 35 In contrast, the nuclear morphology was rather well-preserved during the entire CTC enumeration process. As a result, we focused on measuring the size of nuclei in this observational study and revealed three different subpopulations of CTCs using nuclear size, namely lnCTCs, snCTCs and vsnCTCs.
Our study points toward a potential benefit in adding simple morphologic categorization (i.e., nuclear size) to CTC enumeration. Most importantly, this observation lays the foundation for exploring vsnCTCs as a putative biomarker for emerging visceral metastases in PC patients. It has been reported that clinically and/or radiographically detectable visceral metastases are found in less than 20% of patients in reported case series. 3 While this is a minority of patients, it is also recognized that patients who develop visceral metastases have poorer outcomes that those patient with bone and/or lymph node only disease. [2] [3] [4] [5] It has been argued that this clinical behavior identifies an aggressive PC subtype which has not been well studied. Patients with (or those who are at risk of) visceral metastases are an important subcategory of PC patients. Our observation could serve as the basis for a clinical test that could help to identify men at high-risk for visceral metastases and hence mortality from organ failure due to PC. As such, this approach could create an opportunity for early intervention that may impact the negative outcomes related to visceral metastases such as early cytotoxic therapy as demonstrated in E3805 36 . We acknowledge the limitations of this analysis given the observational nature of this report. Based on the information generated on the range and distribution of nuclear sizes in theses CTCs, a formal clinical study is now underway.
Our focus on patients with visceral metastases necessarily limits the sample size achievable in single institution and is a limitation of this exploratory study. It is also important to recognize that metastatic status can change over time -subsets of patients will develop visceral disease while other will have progressive bone lesions only. As such, we and others have hypothesized that the major CTC subsets in circulation may shift as this process occurs. 37 It is conceivable that one may detect different CTC subsets at different time points corresponding to different disease status, and the correlation between CTC subsets and radiographic pattern of metastatic spread could still be made using serial specimen collection and enumeration studies for each patient. Therefore, we included serial samples from patients in the correlational analysis considering each enumeration study as an independent event that reflects the current status of the patient's disease. While this raises concern over bias from repeated sampling from certain patients, the GLMMs tests performed showed that the findings of the Wilcoxon test were still valid. Our results indicated that snCTC + vsnCTC counts were significantly higher in metastatic PC compared to the no metastasis category. Furthermore, vsnCTC counts were significantly higher in aggressive PC with visceral involvement compared to the PC with only osseous and nodal metastases. These findings require further validation, but the observation we report appears to hold true using two independent statistical tests.
Within our patient cohort, we observed that in patients who are undergoing serial CTC enumerations, vsnCTCs were identified prior to the radiographic detection of visceral metastatic lesions (patient A in Supporting Figure 5A ). This raises the possibility that vsnCTCs may have predictive value with respect to progression to visceral metastasis. We acknowledge that temporal relationship implied in this observation may potentially be affected by lead time bias due to the limited frequency of clinical imaging in standard clinical practice. We point out that vsnCTCs are not exclusively detected in the setting of existing/detectable) visceral metastases. However, it is possible that patients in whom vsnCTCs are detected could be at increased risk of development of visceral disease. This also requires further formal investigation.
Like dynamic changes in CTC counts measured by CellSearch [38] [39] [40] , changes in vsnCTCs counts may also reflect a positive impact from anti-cancer therapy 27, [37] [38] [39] . Each CTC subset may also exhibit variations in response to therapies. While this report is limited by the sample size and the heterogeneity in the therapeutic interventions, we have observed that visceral metastasis patients who are therapeutic responders have shown trends toward vsnCTC reduction in the face of treatment (typical example see patient B in Supporting Figure 5B ). 41 A larger prospective study is ongoing to further validate these observations with more longitudinal cases and less heterogeneity in treatment options.
Progression to visceral metastases indicates a change in the underlying molecular mechanisms 42 driving the metastatic process in PC. An example of such an alteration would be differentiation toward a more neuroendocrine phenotype of PC (NEPC). 7 We report an interesting observation in such a patient (patient C in Supporting Figure 6 ). This patient underwent a biopsy of a pleural lesion which was found to express CK and synaptophysin. On analysis of his vsnCTCs also reflected this immunophenotype. This is particularly interesting as synaptophysin is a recognized marker for NEPC 7 that has not been previously reported in PC CTCs. While this finding is limited to an isolated case report, it not only demonstrated the vsnCTC-tumor relationship in this patient but also supported the idea of including additional cellular marker in CTC enumeration for more clinical information. This observation has driven us to pursue additional interrogations as our collections have proceeded which will be reported at a later time.
In addition to the prognostic utility of CTC count, significant research endeavors have been devoted to characterizing the molecular nature of CTCs using genomic [43] [44] [45] , transcriptomic 46 , and proteomic approaches 47, 48 , as well as exploring the functional properties of CTCs based on ex vivo expansion 49 and xenograft assays 50 . Interestingly, recent studies also re-emphasized the significance of morphologic analysis by pointing out that CTC clusters with an increased mesenchymal phenotype have increased metastatic potential 51 and correlate with poor prognosis 52 , which were consistent with early observations 53 in histopathology. Our findings echo these studies by showing the importance of CTC nuclear size and its relevance to cancer stage and clinical behaviors. Considering the possible paradigm that it is the combination of variation across all possible omic levels in concert that leads to phenotype 54 , our observation provides an excellent chance for future studies to comprehensively characterize this aggressive phenotype of PC at different omic levels.
In summary, we report an initial observation that CTC subsets defined by nuclear sizes may have clinical relevance. The NanoVelcro assay we utilized provided a high degree of sensitivity and specificity for CTC identification while making nuclear size assessment possible. While we recognized that this innovative finding has been made in a small patient cohort, the emergence of the CTC subsets and their relationship to clinical metastatic status appeared surprisingly robust. Larger-scale, prospective trials should be conducted to validate this initial observation and investigate its potential application in the detection and perhaps prediction of visceral metastasis. This observation also points towards the importance of understanding the biochemical nature of the vsnCTC to further delineating their relevance in metastatic PC. Given the fundamental nature of morphologic analysis in pathology, we propose that morphologic characterization be incorporated into CTC enumerations and that further studies of the vsnCTCs be conducted to explore its relationship to visceral metastasis.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. PC patients were recruited for CTC enumeration studies and each sample was placed into one of three cohorts depending on the metastatic status of the patient at the time of collection including: visceral metastasis, non-visceral (osseous/lymph node) metastasis, and non-metastatic disease. CTC enumeration studies were performed using highly sensitive NanoVelcro Chips in conjunction with the use of fluorescence microscopy. The identified CTCs (DAPI+/CK+/CD45-) were then subjected to nuclear size measurements. Through biostatistical analysis and modeling, we identified three subpopulations of CTCs: largenuclear CTCs (lnCTCs), small-nuclear CTCs (snCTCs) and very-small-nuclear CTCs (vsnCTCs). The emergence of vsnCTCs correlates with the onset or presence of visceral metastases and may serve as the basis for a new diagnostic assay targeting the most aggressive form of PC. (Scale bars in the figures indicate 10 μm.) , and Alexa Fluor 555-conjugated anti-CD45 (orange). Histograms and clusterspecific Gaussian density curves were plotted using CTC counts versus nuclear sizes and classified into three metastatic statuses: B) No metastasis, in which lnCTCs account for the largest proportion (62%) among all the CTCs; C) Non-visceral metastasis, in which snCTCs constitute the major subpopulation (51%), followed by vsnCTCs (27%); and D) visceral metastasis, in which vsnCTCs account for the largest proportion of cells (65%), followed by snCTCs (20%). The proportions of the three CTC subpopulations varied significantly Figure 4) . The data showed that the snCTC + vsnCTC counts obtained by using these nuclear size-based CTC definitions provide more information on metastatic status in PC than total CTC count. Statistical analyses were performed using two-sided Wilcoxon tests and Wald tests following a Generalized Linear Mixed Model (GLMM). All the p values are indicated in the figures. 
